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,QWURGXFWLRQ 
 
7KH:7JHDUER[HVDUHUHSODFHGIUHTXHQWO\ZLWKLQDVL[WRHLJKW
\HDUSHULRGZKLFKLVFRQVLGHUDEO\VKRUWHUWKDQWKHGHVLJQHGOLIHRI
\HDUV7KHSUHPDWXUHIDLOXUHVRIVRPHJHDUER[FRPSRQHQWVPD\EH
FDXVHG E\ WUDQVLHQW ORDGV H[SHULHQFHG E\ WKH GULYHWUDLQ HVSHFLDOO\
ZKHQWKHVL]HRIPRGHUQ:7VKDVEHHQVWHDGLO\LQFUHDVHGGXULQJODVW
GHFDGHV7KHFRVWRI:7JHDUER[FDQEHXSWRRIWKHWRWDOFRVWRI
D:7ZLWKIXUWKHURSHUDWLRQDOFRVWVLQFXUUHGGXHWRWKHGLIILFXOW\RI
UHSODFLQJ IDLOHG PHFKDQLFDO FRPSRQHQWV HVSHFLDOO\ LQ RIIVKRUH
RSHUDWLRQ HQYLURQPHQW 5HGXFLQJ WKH FRPSRQHQW IDLOXUHV DQG
GRZQWLPHRIWKHJHDUER[ZLOOPDNHZLQGHQHUJ\PRUHHFRQRPLFDOO\
YLDEOH WR DFKLHYH VXVWDLQDEOH JHQHUDWLRQ RI UHQHZDEOH HQHUJ\
+RZHYHU WKH :7 JHDUER[ FRQVLVWV RI D ODUJH QXPEHU RI PRYLQJ
PHFKDQLFDOFRPSRQHQWVZKLFKLQFUHDVLQJWKHOLNHOLKRRGRIIDLOXUHWKLV
LV D FRQFHUQ DV UHSODFHPHQWV RI ODUJH FRPSRQHQWV LQ RIIVKRUH
HQYLURQPHQW DUH H[SHQVLYH ,W LV LPSRUWDQW WR GHYHORS DFFXUDWH
VLPXODWLRQ PRGHOV RI WKH :7 GULYHWUDLQ LQ WKH GHVLJQ GHYHORSPHQW
VWDJHRI WKH:7 GULYHWUDLQ DQGJHDUER[ FRQILJXUDWLRQ WR LQYHVWLJDWH
G\QDPLFORDGVZKHQLWLVVXEMHFWHGWRYDULRXVRSHUDWLRQDOFRQGLWLRQV 
:7 GULYHWUDLQ XQGHUJRHV YDULRXV RSHUDWLRQDO FRQGLWLRQV DQG LWV
GHVLJQ FRQILJXUDWLRQ DIIHFWV KRZ WKH JHDUER[ FRPSRQHQWV UHDFW WR
WUDQVLHQW ORDGLQJ FRQGLWLRQV7KLVSDSHU VWXGLHV WKH V\VWHPG\QDPLF
UHVSRQVHRIWKUHHGLIIHUHQW:7GULYHWUDLQFRQILJXUDWLRQVXQGHUQRUPDO
DQG VKXWGRZQ RSHUDWLRQV 7KH SXUH WRUVLRQDO PXOWLERG\ G\QDPLF
PRGHOV DUH GHYHORSHG E\ XVLQJ 0$7/$%6LPXOLQN LQFOXGLQJ WKH
WXUELQHURWRUWKHJHDUER[FRPSRQHQWVDQGWKHJHQHUDWRU7KHPRGHORI
HDFK FRQILJXUDWLRQ FDSWXUHV PRUH GHWDLOV RI GULYHWUDLQ G\QDPLF
EHKDYLRXUVXFKDVWKHWRUVLRQDOGHIRUPDWLRQDQGG\QDPLFUHVSRQVHVRI
NH\ PHFKDQLFDO FRPSRQHQWV RI WKH :7 GULYHWUDLQ WKDQ WKDW RI WKH
ZLGHO\XVHG WZRPDVVRU ILYHPDVVGULYHWUDLQPRGHOV7KH UHTXLUHG
SDUDPHWHUV IRU EXLOGLQJ PXOWLVWDJH JHDUER[ G\QDPLF PRGHOV DUH
REWDLQHGE\GHYHORSLQJ&$'PRGHOV(LJHQIUHTXHQF\DQDO\VLVRIWKH
:7 GULYHWUDLQV LV SHUIRUPHG E\ XVLQJ 0$7/$%6LPXOLQN FRQWURO
GHVLJQWRROV7KHLQIOXHQFHRIWKH:7GULYHWUDLQGHVLJQFRQILJXUDWLRQ
RQWKHHLJHQIUHTXHQFLHVRIWKHV\VWHPDQGKRZWKH\DIIHFWWKHGRPLQDQW
IUHTXHQFLHV DQG WKH PHVKLQJ IRUFHV RI JHDUV RI WKH JHDUER[ GXULQJ
QRUPDO RSHUDWLRQ DQG VKXWGRZQ DUH GLVFXVVHG LQ GHWDLO 3DUDPHWULF
VWXG\RINH\YDULDEOHVRIWKHGULYHWUDLQFRPSRQHQWVLVSHUIRUPHGDQG
KRZWKHVHDIIHFWLQJWKHG\QDPLFUHVSRQVHVRIWKHV\VWHPDUHVWXGLHG 
 
6\VWHP'\QDPLF0RGHOOLQJ 
 
3HHWHUVHWDOGHYHORSHGWKUHHW\SHVRIPXOWLERG\G\QDPLFPRGHOV
LQ WKHLU DQDO\VLV RI :7 GULYHWUDLQ G\QDPLFV 7KHVH ZHUH D SXUHO\
WRUVLRQDO PRGHO D PRUH DGYDQFHG ULJLG PXOWLERG\ PRGHO ZKLFK
LQFOXGHGWKHEHDULQJVDQGILQDOO\DIOH[LEOHPXOWLERG\PRGHO8VLQJ
WKHULJLGDQGIOH[LEOHPXOWLERG\DSSURDFKHVGHYHORSHG WKHVHPRGHOV
FRXOGSURYLGHD³JRRGLQVLJKWLQWRWKHORDGVH[SHULHQFHG´KRZHYHUWKH
DXWKRUVVWDWHGWKDWLWFDPHZLWKDKLJKFRPSXWDWLRQDOFRVW,QFUHDVLQJ
WKHIOH[LELOLW\RI:7GULYHWUDLQFRPSRQHQWVLQWKHPRGHOOLQJGLGQRW
DOZD\VUHVXOWLQPRUHDFFXUDWHUHVXOWV7KHSXUHWRUVLRQDOPRGHOZDV
DEOH WR SURGXFH DSSUR[LPDWLRQV RI WRUVLRQDO YLEUDWLRQV DQJXODU
YHORFLWLHVDQGDFFHOHUDWLRQVWRUTXHVRIORZVSHHGVKDIW/66DQGKLJK
VSHHGVKDIW+66DQGJHDUPHVKLQJIRUFHV,IWKHEHDULQJORDGVZHUH
UHTXLUHG WR EH PRGHOOHG WKH WRUVLRQDO PRGHO FRXOG EH H[SDQGHG WR
LQFOXGHWKHURWDWLRQDODQGWUDQVODWLRQDOGHJUHHVRIIUHHGRP0DQGLF
HW DO SURSRVHG D GDPSLQJ FRQWURO WHFKQLTXH WR PRQLWRU WKH LQSXW
WRUTXHVRI/66DQGXVHGDFRQWUROOHUWRUHJXODWHWKHJHQHUDWRUWRUTXH
7KHFRQWUROOHUSURGXFHGDUHVLVWLYHGDPSLQJWRUTXHWRUHGXFHGDPSLQJ
DWQDWXUDOIUHTXHQFLHVRIWKHV\VWHP7KLVWHFKQLTXHKDGVKRZQWREH
DEOHWRUHGXFHUHVRQDQWRVFLOODWLRQVWKXVUHVXOWHGLQOHVVGDPDJHWR 
 
 
6\VWHP'\QDPLF0RGHOOLQJRI7KUHH'LIIHUHQW:LQG7XUELQH*HDUER[
'HVLJQVXQGHU7UDQVLHQW/RDGLQJ&RQGLWLRQV 
 
+DLGHU$O+DPDGDQL7D\ODQ$Q0DWWKHZ.LQJDQG+XL/RQJ 
'HSDUWPHQWRI0HFKDQLFDO(QJLQHHULQJ7KH8QLYHUVLW\RI6KHIILHOG6KHIILHOG8QLWHG.LQJGRP6-' 
&RUUHVSRQGLQJ$XWKRU(PDLOKORQJ#VKHIILHOGDFXN 
 
$EVWUDFW:LQGWXUELQH:7GULYHWUDLQGHVLJQFRQILJXUDWLRQVDIIHFWG\QDPLFORDGVH[SHULHQFHGE\WKHGULYHWUDLQFRPSRQHQWVXQGHUGLIIHUHQW
RSHUDWLRQDOFRQGLWLRQV7KLVSDSHUSUHVHQWVV\VWHPPRGHOOLQJRIG\QDPLFORDGVH[SHULHQFHGE\NH\PHFKDQLFDOFRPSRQHQWVZLWKLQ:7JHDUER[
XQGHUGLIIHUHQWRSHUDWLRQDOFRQGLWLRQVE\XVLQJ0$7/$%6LPXOLQN7ZRRSHUDWLRQDOFRQGLWLRQVRI:7VDUHFRQVLGHUHGQRUPDORSHUDWLRQDQG
VKXWGRZQXVLQJ WRUTXH VSHFWUXPV PHDVXUHG IURPD ILHOGRSHUDWLQJ ZLQG WXUELQH7KH WRUVLRQDO G\QDPLF ORDGVXQGHU WKHVH FRQGLWLRQVGLIIHU
VLJQLILFDQWO\GXULQJQRUPDORSHUDWLRQ WKHPD[LPXPWRUTXHUDWLR LVEHORZWKHUHFRPPHQGYDOXHKRZHYHU LWH[FHHGV WKHUHFRPPHQGHGOHYHO
GXULQJVKXWGRZQ,WKDVEHHQIRXQGWKDWWKHVKXWGRZQHYHQWKDVDFRQVLGHUDEOHHIIHFWRQJHDUORDGLQJLWFDXVHVRFFXUUHQFHVRIORDGLQJUHYHUVDORI
JHDUPHVKLQJIRUFHV0RUHRYHUWKHYDULDWLRQUDQJHRIPHVKLQJIRUFHVEHWZHHQSODQHWDU\DQGVXQJHDUVLVILYHWRVL[WLPHVKLJKHUWKDQWKDWGXULQJ
QRUPDORSHUDWLRQ'XULQJVKXWGRZQWKHPRVWGRPLQDWHGYLEUDWLRQIUHTXHQF\RIWKH:7GULYHWUDLQVLVWKHORZHVWRQHZKLFKLVYHU\FORVHWRWKH
HVWLPDWHGQDWXUDOIUHTXHQF\RIWKHORZVSHHGVKDIWDQGWKDWPD\FDXVHWKHUHVRQDQFHRIWKHGULYHWUDLQV\VWHP 
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:LQG7XUELQH'ULYHWUDLQ0XOWLERG\G\QDPLFV9LEUDWLRQ7UDQVLHQWORDGLQJ 
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JHDUER[ FRPSRQHQWV 6LPLODU PRGHOOLQJ WHFKQLTXHV ZHUH XVHG E\
*LUVDQJHWDOLQWKHPRGHOOLQJRIWKH:7GULYHWUDLQXVLQJ6LPXOLQN
ZKLOHORDGLQJFRQGLWLRQVZHUHREWDLQHGE\)$67VRIWZDUH%\XVLQJD
SXUHO\WRUVLRQDOPRGHOWKHGULYHWUDLQZDVVLPXODWHGXQGHUDYDULHW\RI
ZLQGDQGJULGORDGLQJFRQGLWLRQVDOORZLQJWKHDQDO\VLVRIWKHG\QDPLF
LQWHUDFWLRQVEHWZHHQFRPSRQHQWVGXULQJWUDQVLHQWORDGLQJFRQGLWLRQV
WREHFDUULHGRXW 
6LPXODWLRQWRROVFRXOGEHXVHGLQWKHGHVLJQGHYHORSPHQWVWDJHRI
:7 GULYHWUDLQ DQG JHDUER[ FRQILJXUDWLRQV WR UHGXFH YLEUDWLRQV DW
UHVRQDQWIUHTXHQFLHV7KHWRUVLRQDOG\QDPLFPRGHOIRU:7JHDUER[HV
LVRQHRIWKHFRPPRQPRGHOOLQJDSSURDFKHVEHFDXVHRILWVIDVWVROXWLRQ
WLPH ZLWK ORZ FRPSXWDWLRQDO FRVWV ,Q WKLV SDSHU SXUHO\ WRUVLRQDO
PRGHOLVDGHTXDWHWRPRGHOWKUHHGLIIHUHQWFRQILJXUDWLRQVRIWKH:7
GULYHWUDLQDQGJHDUER[,WIROORZVDVLPLODUDSSURDFKDVWKHRQHXVHG
E\ 3HHWHUV HW DO LQFOXGLQJ VLQJOH GHJUHH RI IUHHGRP '2) SHU
GULYHWUDLQ FRPSRQHQW ZLWK WKH DVVRFLDWHG WRUVLRQDO DQG JHDU PHVK
VWLIIQHVVHV7KH PRGHOVGHYHORSHG LQ WKLV VWXG\ DUH FRPSXWDWLRQDOO\
HIIHFWLYH WR FDSWXUH WKH WRUVLRQDO ORDGV PHVKLQJ IRUFHV RI DOO JHDU
VWDJHV DQG G\QDPLF UHVSRQVHV RI NH\ :7 GULYHWUDLQ DQG JHDUER[
FRPSRQHQWVGXULQJIUHHDQGIRUFHGYLEUDWLRQV 
 
7KUHH'LIIHUHQW:7*HDUER['HVLJQV 
 
7KHPDMRULW\RIJHDUER[GHVLJQVLQPRGHUQ:7VKDVYHU\VLPLODU
FRQILJXUDWLRQV WKHUHIRUH WKH\H[SHULHQFH WKHVLPLODU IDLOXUHPRGHV
'HSHQGLQJRQWKHUHTXLUHGRXWSXWVSHHGWREHIHGLQWRWKHJHQHUDWRU
WKHFRPPRQO\XVHG:7JHDUER[FRQILJXUDWLRQVDUHUHFRPPHQGHGLQ
WKH LQWHUQDWLRQDO VWDQGDUG 7KH FRPPRQ :7 JHDUER[ GHVLJQ
FRQILJXUDWLRQV LQFOXGH RQH SODQHWDU\ JHDU VWDJH IROORZHG E\ WZR
SDUDOOHO JHDU VWDJHV RU WZR SODQHWDU\ JHDU VWDJHV IROORZHG E\ RQH
SDUDOOHOJHDUVWDJH$QRWKHUGHVLJQFRQILJXUDWLRQLQFOXGHVRQO\WZR
SODQHWDU\JHDUVWDJHV,QDOOJHDUER[GHVLJQFRQILJXUDWLRQVWKHULQJ
JHDUGRHVQRWURWDWHDQGLVIL[HGRQJHDUER[FDVLQJ 
7KH GHYHORSPHQW RI :7 GULYHWUDLQ G\QDPLF PRGHOV FDQ EH
EHQHILFLDOLQXQGHUVWDQGLQJWKHORDGLQJEHKDYLRXUDQGSUHGLFDWLQJWKH
UHVSRQVH RI :7 GULYHWUDLQ FRPSRQHQWV XQGHU WUDQVLHQW ORDGLQJ
FRQGLWLRQV7KLVVWXG\HYDOXDWHVWKUHHGLIIHUHQWJHDUER[FRQILJXUDWLRQV
RI WKH:7GULYHWUDLQ'ULYHWUDLQV$%DQG& WKH\DUHGHVLJQHGE\
XVLQJ &$' VRIWZDUH DV VKRZQ LQ )LJ  7KH JHDUER[ GHVLJQ
SDUDPHWHUV DUH SUHVHQWHG LQ 7DEOH  7KH FRPSOHWH GULYHWUDLQV DUH
PRGHOOHG E\ 0$7/$%6LPXOLQN 7KH :7 GULYHWUDLQV XVLQJ WKUHH
GLIIHUHQWJHDUER[FRQILJXUDWLRQVDUHVLPXODWHGXQGHUQRUPDORSHUDWLRQ
DQG VKXWGRZQ UHVSHFWLYHO\ WR HYDOXDWH WKH G\QDPLF UHVSRQVH RI WKH
V\VWHPXQGHU WKH WUDQVLHQWHYHQWV$FRPSDULVRQRI V\VWHPG\QDPLF
EHKDYLRXULVPDGHIRUGLIIHUHQWJHDUER[FRQILJXUDWLRQVWRXQGHUVWDQG
WKHLUSRWHQWLDOIRUORDGUHGXFWLRQRQNH\FRPSRQHQWVRI:7JHDUER[ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
)LJ  6LPSOLILHG VFKHPDWLF RI :7 GULYHWUDLQV DQG WKHLU JHDUER[HV
&$'PRGHOVIURPWKHWRSWRWKHERWWRP'ULYHWUDLQ$'ULYHWUDLQ%
DQG'ULYHWUDLQ&/66 /RZ6SHHG6KDIW,66 ,QWHUPHGLDWH6SHHG
6KDIW+66 +LJK6SHHG6KDIW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0RGHOOLQJ:7'ULYHWUDLQVLQ0$7/$%6LPXOLQN 
 
,QRUGHUWRDQDO\VHWKH:7GULYHWUDLQGHVLJQFRQFHSWWRHYDOXDWHLWV
G\QDPLFEHKDYLRXUXQGHUORDGLQJLWLVLPSRUWDQWWRFRQVWUXFWDPRGHO
WKDW FDQ DFFXUDWHO\ UHSUHVHQW WKH LQWHUQDO G\QDPLFVRI WKHGULYHWUDLQ
FRPSRQHQWV$V WKH DLP RI WKLV VWXG\ LV WR XQGHUVWDQG WKH G\QDPLF
UHVSRQVHVRIWKHWKUHHGLIIHUHQWFRQILJXUDWLRQVRI:7JHDUER[HVXQGHU
WUDQVLHQWORDGFRQGLWLRQVPRGHOOLQJWKHGULYHWUDLQDVDSXUHWRUVLRQDO
PRGHO LQ0$7/$%6LPXOLQN LV DSSURSULDWH ,Q0$7/$%6LPXOLQN
WKH 6LPVFDSH OLEUDU\ HQDEOHV WKH XVHU WR PRGHO WKH LQGLYLGXDO
PHFKDQLFDO FRPSRQHQWV DQG WKH DVVRFLDWHG GLIIHUHQWLDO HTXDWLRQV DV
EORFNVZLWKLQ6LPXOLQN7KHUHODWHGEORFNVDUHFRXSOHGE\FRQQHFWLQJ
WKHPWRJHWKHUDQGWKHVRIWZDUHIRUPVWKHVXSSOHPHQWDU\HTXDWLRQVWKDW
GHVFULEH WKHPRWLRQRI WKHZKROH V\VWHP,W LVHIILFLHQW WRFUHDWH WKH
PRGHOVLQ6LPXOLQN6LPVFDSHHQYLURQPHQWDQGWRUXQVLPXODWLRQVLQ
RUGHUWRREWDLQDSSUR[LPDWLRQVRIWKHG\QDPLFUHVSRQVHV7KH:7
GULYHWUDLQLVVSOLWLQWRPDVVDQGVSULQJPRGHOVZLWKPDVVHVVKDIWVDQG
JHDUVUHSUHVHQWHGDVLQHUWLDVDQGWRUVLRQDOVSULQJVUHVSHFWLYHO\E\XVLQJ
EORFNV IURP WKH 6LPXOLQN6LPVFDSH OLEUDU\ 6LPXOLQN EORFNV DUH D
VLPSOHZD\WRYLHZDV\VWHPDQGWRSHUIRUPPDWKHPDWLFDOFDOFXODWLRQV
7KHNH\PHFKDQLFDOEORFNVXVHGWRPRGHOHDFKGULYHWUDLQFRPSRQHQW
LQ6LPXOLQNDUHGLVSOD\HGLQ7DEOH$LQ$SSHQGL[ 
 
 
5RWRUDQGJHDUER[PRGHOOLQJ 
 
7KHLQHUWLDEORFNLVVXIILFLHQWWRPRGHODOOPHFKDQLFDOFRPSRQHQWV
ZLWKLQWKH:7GULYHWUDLQDVULJLGERGLHVVXFKDVWKHURWRUSODQHWDU\
FDUULHUJHDUVDQGJHQHUDWRUURWRU$OOWKHUHTXLUHGSDUDPHWHUVVXFKDV
WKHPDVVDQGLQHUWLDRIGULYHWUDLQFRPSRQHQWVKDYHEHHQFDOFXODWHGE\
XVLQJ &$' PRGHOV 7KH URWRU RI WKH :7 GULYHWUDLQ LQFOXGLQJ WKH
EODGHVDQGWKHKXELVFRQQHFWHGWRWKHJHDUER[E\WKH/667KHPDVV
DQGURWDWLRQDOLQHUWLDRIWKHEODGHV0E-EFDQEHFDOFXODWHGE\WKH
IROORZLQJIRUPXODV 
 
 
 
 ܯ௕ ൌ  ?Ǥ ? ?ܮ௕ଶǤଵଷ  ܬ௕ ൌ  ?Ǥ ? ? ?ܯ௕ܮ௕ଶ ݊  
 
:KHUH/E LVWKHOHQJWKRIWKHEODGHDQGQ LVWKHWRWDOQXPEHURI
EODGHV 7KH WRWDO DPRXQW RI LQHUWLD RI WXUELQH URWRU -URWRU FDQ EH
FDOFXODWHGIURPWKHVXPPDWLRQRIEODGHVLQHUWLDDQGWKHLQHUWLDRIWKH
KXE-K ܬ௥௢௧௢௥ ൌ  ܬ௕ ൅ ܬ௛ 
 
 
7KHURWDWLRQDOVWLIIQHVVLVXVHGWRPRGHOWKHIOH[LELOLW\DVVRFLDWHG
ZLWKHDFKFRPSRQHQWLQWKHWRUVLRQDOPRGHOVXFKDVWKHVKDIWVDQGJHDU
PHVKVWLIIQHVV,QVRPHVWXGLHVDOOWKHVKDIWVRIWKH:7GULYHWUDLQZHUH
FRQVLGHUHGWRKDYHFRQVWDQWFURVVVHFWLRQDUHDVWKHUHIRUHWKHYDULDEOH
FURVVVHFWLRQDUHDRIHDFKVKDIWKDGEHHQVLPSOLILHGDVDVROLGF\OLQGHU
RUWXEH,QWKLVVWXG\WKHDFWXDOJHRPHWU\RIHDFKGULYHWUDLQVKDIWKDV
EHHQPRGHOOHGDQGWKHYDOXHVRISRODUPRPHQWRILQHUWLDRIWKHPDLQ
VKDIW DQG VKDIWV RI WKH HQWLUH JHDUER[ DUH FDOFXODWHG IURP WKH&$'
PRGHOV %\ NQRZLQJ WKH OHQJWK RI VKDIW / WKH VKDIW PRGXOXV RI
ULJLGLW\*DQGVKDIWSRODUPRPHQWRILQHUWLD-WKHWRUVLRQDOVWLIIQHVV
RIHDFKVKDIWFDQEHFDOFXODWHGE\ 
 ݇௦௛௔௙௧ ൌ ܬǤ ܩȀܮ  
 
7KH JHDU PHVK VWLIIQHVV LV D SDUDPHWHU WKDW DFFRXQWV IRU WKH
PHVKLQJLQWHUDFWLRQEHWZHHQJHDUV*HDUPHVKLQJSUHVHQWVDFRPSOH[
G\QDPLF UHODWLRQVKLS GHSHQGLQJRQ VHYHUDO JHDU SDUDPHWHUV VXFK DV
JHDU PDWHULDO KHOL[ DQJOH IDFH ZLGWK EDVH UDGLXVPHVK DOLJQPHQW
QRUPDOORDGDQGQXPEHURIWHHWK7KHJHDUPHVKVWLIIQHVVYDOXHNJHDU
FDQEHFDOFXODWHGDFFRUGLQJ WR WKH LQWHUQDWLRQDOVWDQGDUGZKLOH WKH
JHDUWRRWKVWLIIQHVVNPHVKDQGWKHFLUFXPIHUHQWLDOWRRWKFRQWDFWIRUFH
)WFDQEHGHWHUPLQHGDVIROORZLQJ 
 ݇௠௘௦௛ ൌ  ݇௚௘௔௥ ሺݎ௕  ߚሻଶ  ܨ௧ ൌ  ሺݎ௕ଵߠଵ െ ݎ௕ଶߠଶሻ݇௚௘௔௥ ܿ݋ݏଶߚ  
 
:KHUHUELVWKHEDVHUDGLXVRIWKHGULYLQJJHDUȕLVWKHKHOL[DQJOH
RI WKH JHDU UE UE ș DQG ș DUH WKH EDVH UDGLXV DQG WKH WRUVLRQDO
GLVSODFHPHQW RI WKH SLQLRQ DQG WKH ZKHHO UHVSHFWLYHO\ 7KH µ6XQ
3ODQHW¶ WKH µ5LQJ3ODQHW¶ DQG WKH µ6LPSOH *HDU¶ EORFNVSURYLGHG LQ
6LPXOLQN6LPVFDSHFDQDSSO\WKHJHDUUDWLRLQHDFKJHDUVWDJHLHWKH
SODQHWDU\ LQWHUPHGLDWH DQG KLJK VSHHG VWDJHV 7DEOH  VKRZV WKH
UHSUHVHQWDWLRQV RI WKH G\QDPLF PRGHO IRU WKH SODQHWDU\ JHDU DQG
SDUDOOHOJHDUVWDJHVUHVSHFWLYHO\ZKHUHHDFKFRPSRQHQWDQGJHDUPHVK
VWLIIQHVVDUHLQFOXGHG7KH6LPXOLQNPRGHOIRUWKHFRPSOHWHGULYHWUDLQ
LVVKRZQLQ)LJ7KHUHTXLUHGSDUDPHWHUV IRU6LPXOLQNPRGHOVRI
WKUHHGULYHWUDLQVDQGDOOJHDUER[FRPSRQHQWVDUHVKRZQLQ7DEOH%\
NQRZLQJWKHQXPEHURIWHHWKRIHDFKJHDUDQGWKHVSHHGUDWLRRIHDFK
JHDUVWDJHWKHJHDUPHVKIUHTXHQF\*0)FDQEHFDOFXODWHG7KH
*0)FDOFXODWLRQVRIHDFKVWDJHZLWKLQWKHJHDUER[RI'ULYHWUDLQ$%
DQG&DUHVKRZQLQ7DEOH7KH*0)UHVXOWVZLOOEHXVHGODWHU IRU
HYDOXDWLQJWKH&DPSEHOOGLDJUDPVDQGUHVRQDQFHDQDO\VLV 
 
 
 
,QWHUQDWLRQDO-RXUQDORI3UHFLVLRQ(QJLQHHULQJDQG0DQXIDFWXULQJ 
9RO1RSS'2,V 
 
7R YDOLGDWH WKH GHYHORSHG :7 GULYHWUDLQ PRGHOV XVLQJ
0$7/$%6LPXOLQN WKH15(/N:GULYHWUDLQ LV WHVWHG ,WV NH\
SDUDPHWHUV DUH REWDLQHG E\ &$' PRGHOV DQG WKH WRUTXH VSHFWUXPV
XQGHUQRUPDORSHUDWLRQDQGVKXWGRZQFRQGLWLRQVPHDVXUHGE\15(/
DUHXVHGLQWKHV\VWHPG\QDPLFPRGHOOLQJ7KHUHVXOWVRIWKHQDWXUDO
HLJHQIUHTXHQFLHV DQG FRUUHVSRQGLQJ PRGH VKDSHV DUH REWDLQHG DQG
FRPSDUHG ZLWK WKRVH DYDLODEOH LQ SXEOLVKHG OLWHUDWXUH ZKLFK VKRZV
JRRG DJUHHPHQWV    7KH 0$7/$%6LPXOLQN PRGHO LV WKHQ
XVHG IRU VLPXODWLQJ 'ULYHWUDLQ& GXULQJ QRUPDO RSHUDWLRQ DQG
VKXWGRZQFRQGLWLRQVXVLQJWKHILHOGPHDVXUHGWRUTXHVSHFWUXPVIURP
D 0: :7 GHWDLOV DUH JLYHQ LQ 6HFWLRQ  ZKLFK KDV WKH VDPH
GULYHWUDLQ DQG JHDUER[ FRQILJXUDWLRQ DV WKDW RI 'ULYHWUDLQ& 7KH
FRPSDULVRQ EHWZHHQ VLPXODWHG DQG ILHOG PHDVXUHG +66 WRUTXH
KLVWRULHV GXULQJ QRUPDO RSHUDWLRQ DQG VKXWGRZQ FRQGLWLRQV IRU
'ULYHWUDLQ& LV VKRZQ LQ )LJ  YDOLGDWLQJ WKH 0$7/$%6LPXOLQN
V\VWHPG\QDPLFPRGHOGHYHORSHG 
 
 
 
 
 
 
)LJ0$7/$%6LPXOLQNPRGHORIDFRPSOHWH:7 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
)LJ  &RPSDULVRQ RI VLPXODWHG DQG ILHOG PHDVXUHG +66 WRUTXH
KLVWRULHVRI'ULYHWUDLQ&GXULQJQRUPDORSHUDWLRQWRSDQGVKXWGRZQ
ERWWRPFRQGLWLRQV 
 
*HQHUDWRUPRGHOOLQJ 
 
,QRUGHUWRDFFXUDWHO\PRGHOWKHGULYHWUDLQDJHQHUDWRUPRGHOLQ
6LPXOLQNPXVWEHLQFRUSRUDWHGLQWRWKHV\VWHPPRGHORIWKHGULYHWUDLQ
WR VLPXODWH WKH UHVLVWDQFH WRUTXH VXSSOLHG E\ WKH JHQHUDWRU 7KLV LV
LPSRUWDQWWRHQVXUHWKDWWKH+66VSHHGLVOLPLWHGDWWKHVSHHGWKDWWKH 
 
 
JHQHUDWRUFDQSURGXFHHOHFWULFLW\7KHJHQHUDWRUUHVLVWDQFHWRUTXHDFWV
DVDUHDFWLYHORDGLQJWRWKHGULYHWUDLQDWWKHJHQHUDWRUVLGHDQGDIIHFWV
WKH:7GULYHWUDLQV\VWHPZKHQWKHJHQHUDWRUHQJDJHVRUGLVHQJDJHV
ZLWK WKH HOHFWULFDO JULG 7KH JHDUER[ UDWLR LV  IRU 'ULYHWUDLQ$
FRUUHVSRQGLQJ WR D PLGVSHHG JHQHUDWRU WKXV D 3HUPDQHQW 0DJQHW
*HQHUDWRU30*PRGHOLVXVHGLQWKHPRGHOOLQJ)RU'ULYHWUDLQ%DQG
& 'RXEOH)HG ,QGXFWLRQ *HQHUDWRU '),* PRGHO LV XVHG IRU ERWK
GULYHWUDLQVEHFDXVHRIWKHLUJHQHUDWRUVRSHUDWHLQDKLJKHUVSHHGUDQJH
7KH JHQHUDWRU PRGHOV FDQ SURYLGH JHQHUDWRU UHVLVWDQFH WRUTXH DQG
FRQWUROV WKH URWRU VSHHG IRU WZR GLIIHUHQW RSHUDWLRQDO FRQGLWLRQV
QRUPDORSHUDWLRQDQGVKXWGRZQ7KHJHQHUDWRUVSDUDPHWHUVXVHGLQWKLV
VWXG\DUHVKRZQLQ7DEOH 
 
 ,QSXW WRUTXH VSHFWUXPV XQGHU GLIIHUHQW RSHUDWLRQDO
FRQGLWLRQV 
 
)LHOG PHDVXUHG URWRU WRUTXH GDWD XQGHU QRUPDO RSHUDWLRQ DQG
VKXWGRZQ FRQGLWLRQV DUH REWDLQHG IURP D 0: ZLQG WXUELQH LQ
RSHUDWLRQDVVKRZQLQ)LJ7KHVHWRUTXHVSHFWUXPVDUHXVHGGLUHFWO\
DVURWRUWRUTXHLQSXWVIRU'ULYHWUDLQ&PRGHO)RU'ULYHWUDLQV$DQG%
WKHILHOGPHDVXUHPHQWVRIWRUTXHVSHFWUXPVXQGHUGLIIHUHQWRSHUDWLRQDO
FRQGLWLRQVDUHQRWDYDLODEOH)RUHDFKRIWKHVHWZRGULYHWUDLQVWKHURWRU
WRUTXHLQSXWGDWDLVGHWHUPLQHGE\DSSO\LQJDVFDOLQJIDFWRUWRWKHILHOG
PHDVXUHG WRUTXH GDWD RI WKH 0: ZLQG WXUELQH EDVHG RQ VFDOLQJ
UHODWLRQVJLYHQLQ,W LVDVVXPHGWKDWWKHWLSVSHHGUDWLRRI0:
:7VLVWKHVDPHDVWKDWRIWKH0::77KHVFDOLQJIDFWRUFDQEH
FDOFXODWHGXVLQJ ଶܶܶଵ ൌ ൬ܦଶܦଵ൰ଷ 
 
 
:KHUH7 LV WKH WRUTXH ' LV WKH URWRU GLDPHWHU  DQG  GHQRWH WKH
RULJLQDO DQG VFDOHG :7V UHVSHFWLYHO\ 7KH URWRU WRUTXH VSHFWUXP
PHDVXUHG IRU QRUPDO RSHUDWLRQ FRUUHVSRQGV WR WKH RSHUDWLRQDO
FRQGLWLRQZKHQWKH:7RSHUDWHVDURXQGWKHURWRUUDWHGVSHHGVKRZQ
LQ )LJ  WRS 7KH VKXWGRZQ FRQGLWLRQ VKRZV WKDW WKH :7 ILUVWO\
RSHUDWHVXQGHUQRUPDORSHUDWLRQDQGWKHQWKHVKXWGRZQEHJLQVZLWKWKH
DHURG\QDPLF EUDNH EHLQJ DSSOLHG RQ WKH URWRU 7KH JHQHUDWRU
VXEVHTXHQWO\LVVZLWFKHGRIIDQGWKHQWKHPHFKDQLFDOEUDNHLVDSSOLHG
XQWLOWKHV\VWHPFRPHVWRDFRPSOHWHVWRSDVVKRZQLQ)LJERWWRP
:KHQ VLPXODWLQJ WKH GULYHWUDLQ XQGHU VKXWGRZQ FRQGLWLRQ E\ XVLQJ
0$7/$%6LPXOLQNWKHURWRUWRUTXHDQGJHQHUDWRUUHVLVWDQFHWRUTXH
DUH QRW WKH RQO\ LQSXWV UHTXLUHG$GGLWLRQDO LQSXWV DUH DGGHG WR WKH
6LPXOLQN PRGHO WR FUHDWH WKH EUDNLQJ WRUTXHV VR WKDW WKH\ FDQ EH
V\QFKURQLVHG WR WKH URWRU LQSXW WRUTXH PRGHOOHG 'XULQJ VKXWGRZQ
FRQGLWLRQWKHJHQHUDWRULVVZLWFKHGRIIZKHQWKHDHURG\QDPLFEUDNHLV
DFWLYDWHGWKHUHIRUHWKHJHQHUDWRUPRGHOPXVWEHGHVLJQHGWRUHVSRQVH
WR WKH HYHQW 7KH FRUUHVSRQGLQJ JHQHUDWRU DQG EUDNH PRGHOV LQ
0$7/$%6LPXOLQNDUHVKRZQLQ)LJXUH$LQ$SSHQGL[$VZLWFKKDV
EHHQDGGHGWR WKHJHQHUDWRUPRGHO WRHQVXUHZKHQWKHDHURG\QDPLF
EUDNHLVHQJDJHGWKHJHQHUDWRUZLOOEHWXUQHGRIIWRUHGXFHWKHWRUTXH
WR ]HUR 7KH DHURG\QDPLF DQG PHFKDQLFDO EUDNHV ERWK SURGXFH
UHVLVWDQFHWRUTXHVRQWKHGULYHWUDLQERWKEUDNHVDUHVLPXODWHGE\XVLQJ
WKHIULFWLRQEUDNHIXQFWLRQDYDLODEOHLQ0$7/$%6LPXOLQNOLEUDU\1R
LQIRUPDWLRQ DERXW WKH EUDNLQJ V\VWHP LV DYDLODEOH IRU WKH GULYHWUDLQ
V\VWHPPRGHOOHGWKXVDWULDODQGHUURUPHWKRGLVXVHGWRDGMXVWWKH
EUDNLQJIRUFHVUHTXLUHGE\WKHWZREUDNHV(DFKEUDNHKDVD]HURIRUFH
XQWLOWKHEUDNHLQLWLDWHVDIWHUZKLFKDFRQVWDQWUHVLVWLYHIRUFHLVDSSOLHG
YLDEUDNHZKHQWKHURWRUVORZVGRZQJUDGXDOO\ 
,QWHUQDWLRQDO-RXUQDORI3UHFLVLRQ(QJLQHHULQJDQG0DQXIDFWXULQJ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)LJ  ,QSXW WRUTXH VSHFWUXP GXULQJ QRUPDO RSHUDWLRQ WRS DQG
VKXWGRZQERWWRP 
 
 
7DEOH3DUDPHWHUVRIPHFKDQLFDOFRPSRQHQWVRIWKUHH:7GULYHWUDLQ
FRQILJXUDWLRQV 
3DUDPHWHUV 'ULYHWUDLQ $ % & 
5RWRULQHUWLDNJP H H H 
*HQHUDWRULQHUWLDNJP    
6WDJH3ODQHWFDUULHULQHUWLD
NJP 
H
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6WDJH   5LQJ JHDU LQHUWLD
NJP 
 
 

  
6WDJH   3ODQHW JHDU LQHUWLD
NJP 
 
   
6WDJH   6XQ JHDU LQHUWLD
NJP 
 
   
6WDJH3ODQHWJHDUQXPEHU    
6WDJH*HDULQHUWLDNJP    
6WDJH3LQLRQLQHUWLDNJP  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  
6WDJH   5LQJ3ODQHW PHVK
VWLIIQHVVHV1PUDG 
H
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H
H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6WDJH   6XQ3ODQHW PHVK
VWLIIQHVVHV1PUDG 
H
H 
H
H H 
6WDJH   *HDU3LQLRQ PHVK
VWLIIQHVVHV1PUDG  H 
H
H 
/66VWLIIQHVV1PUDG H H H 
6WDJH  FRQQHFWLQJ VKDIW
VWLIIQHVV1PUDG H H H 
6WDJH  FRQQHFWLQJ VKDIW
VWLIIQHVV1PUDG  H H 
+66VWLIIQHVV1PUDG H H H 
 
 
7DEOH*HDUPHVKIUHTXHQFLHVRIWKUHH:7GULYHWUDLQJHDUER[HV 
*HDUER[PHVKIUHTXHQF\ 'ULYHWUDLQ2UGHUV $ % & 
*0)VWDJH, [ [ [ 
*0)VWDJH,, [ [ [ 
*0)VWDJH,,,  [ [ 
 
 
 
 
7DEOH:7GULYHWUDLQVJHQHUDWRUSDUDPHWHUV 
3DUDPHWHUV 'ULYHWUDLQ $ % & 
5DWHGVSHHG530    
*HQHUDWRUW\SH 30* '),* '),* 
1XPEHURISROHV    
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9ROW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   
)UHTXHQF\+]    
0XWXDOLQGXFWDQFH/P    
6WDWRUOHDNDJHUHDFWDQFH/V    
/LQHLQGXFWDQFH    
 
 
5HVXOWVDQG'LVFXVVLRQ 
 
)UHHDQGIRUFHGYLEUDWLRQDQDO\VLV 
 
7KH UHVXOWV VKRZ WKH UHVSRQVHVRI WKUHHGLIIHUHQW:7GULYHWUDLQ
FRQILJXUDWLRQVXQGHU IUHH YLEUDWLRQ QRUPDORSHUDWLRQ DQG VKXWGRZQ
FRQGLWLRQV 7KH QDWXUDO IUHTXHQFLHV DQG WKH YLEUDWLRQ PRGHV RI
JHDUER[HVRI'ULYHWUDLQ$%DQG&DUHSUHVHQWHGLQ7DEOH)LJ
LOOXVWUDWH WKH WHQGHQF\ RI WKH JHDUER[ QDWXUDO IUHTXHQF\ ZLWK WKH
JHDUER[PRGH IRU'ULYHWUDLQ$%DQG'ULYHWUDLQ%& UHVSHFWLYHO\
7KHUHVXOWVVKRZWKDWLQFUHDVLQJWKHQXPEHURIJHDUER[VWDJHVRUWKH
GULYHWUDLQ UDWHG SRZHU ERWK UHVXOW LQ UHGXFWLRQ RI WKH QDWXUDO
IUHTXHQFLHV 
 
$YRLGLQJUHVRQDQFHLVDNH\SDUWRI:7GULYHWUDLQGHVLJQGXHWR
WKHVHYHUHFRQVHTXHQFHVLWFRXOGEULQJRQWKHGULYHWUDLQV\VWHP:KHQ
WKH :7 GULYHWUDLQ LV H[FLWHG XQGHU WKH WUDQVLHQW FRQGLWLRQV LW LV
LPSRUWDQW WR HVWDEOLVK ZKHWKHU WKH V\VWHP LV YLEUDWLQJ FORVH WR WKH
QDWXUDOIUHTXHQFLHV7KHSKHQRPHQDRIUHVRQDQFHFDQRFFXUZKHQWKH
H[FLWLQJ IUHTXHQF\ RI WKH V\VWHP FRUUHVSRQGV WR WKH QDWXUDO
IUHTXHQFLHV7KLVFDQKDYHDVLJQLILFDQWLPSDFWRQWKH:7GULYHWUDLQ
FDXVLQJ SUHPDWXUH IDLOXUH RI VRPH FRPSRQHQWV DQG LV WKHUHIRUH DQ
LPSRUWDQWFRQVLGHUDWLRQLQV\VWHPG\QDPLFVWXGLHV)LJVKRZVWKH
&DPSEHOO GLDJUDPV IRU WKH JHDUER[HV RI 'ULYHWUDLQ$ % DQG &
UHVSHFWLYHO\7KHGULYHWUDLQUHVRQDQFHPD\RFFXUZKHQWKHGLDJRQDO
OLQHVWKH*0)RIHDFKVWDJHFURVVWKHKRUL]RQWDOOLQHVUHSUHVHQWLQJWKH
JHDUER[QDWXUDOIUHTXHQFLHVZLWKLQWKH]RQHRIURWRURSHUDWLRQDOVSHHG
)RUWKHORZHVWJHDUER[UDWLR'ULYHWUDLQ$ZLWKJHDUER[RIWZRVWDJHV
WKHVWDQGQG*0)RIWKHQGVWDJHFURVVWKHOLQHVRIWKHVWDQGQG
JHDUER[ YLEUDWLRQ PRGH GXULQJ WKH ORZ DQG KLJK VSHHG FRQGLWLRQV
ZKLFK VKRXOG EH DYRLGHG ,QFUHDVLQJ WKH QXPEHU RI JHDUER[ VWDJHV
IURP WZR WR WKUHH ZLWKRXW FKDQJH WKH :7 UDWHG SRZHU FRPSDULQJ
'ULYHWUDLQV$DQG%ZLOOQRWFKDQJH WKHGULYHWUDLQV\VWHPG\QDPLF
EHKDYLRXUE\PRYLQJDZD\IURPWKHUHVRQDQFHRFFXUUHQFHLQFRQWUDVW
PDNLQJLWPRUHOLNHO\WRKDSSHQ2QHRIWKHRSWLRQVWRPLQLPL]HWKH
UHVRQDQFHLVWRVKLIWXSWKHUDQJHRIRSHUDWLRQDOVSHHGRUWRVKLIWGRZQ
WKH:7SRZHUIURP0:WR0:E\UHGXFLQJWKHQXPEHURIWHHWKRI
JHDUVXVLQJ'ULYHWUDLQ&DVVKRZQLQ)LJF 
 
 
 
1RUPDO
RSHUDWLRQ 
%UDNLQJ 
6WRSSLQJ 
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D 
E 
 
6LPXODWLRQVRI WKH WKUHHGULYHWUDLQVXQGHUQRUPDORSHUDWLRQ DQG
VKXWGRZQ FRQGLWLRQV DUH FRQGXFWHG XVLQJ WKH ILHOG PHDVXUHPHQW RI
WRUTXHVSHFWUXPVVKRZQLQ)LJDVH[SODLQHGLQVHFWLRQ)LJ
VKRZVWKHPHVKLQJIRUFHEHWZHHQWKHVXQDQGWKHSODQHWJHDUVLQWKH
SODQHWDU\ VWDJH RI :7 JHDUER[ LQ 'ULYHWUDLQ& GXULQJ QRUPDO
RSHUDWLRQDQGVKXWGRZQ,QVKXWGRZQWKHPD[LPXPPHVKLQJIRUFHV
EHWZHHQ WKHVXQDQGSODQHWJHDUV VKRZFRQVLGHUDEOHYDULDWLRQV WKDQ
WKDWRIQRUPDORSHUDWLRQDVVKRZQLQ)LJ7KHPHVKLQJIRUFHLQWLPH
GRPDLQ IRUERWKHYHQWVKDYHEHHQSURFHVVHGE\XVLQJ WKH UDLQ IORZ
F\FOHFRXQWLQJPHWKRGDQGSUHVHQWHGLQ)LJ,WVKRZVWKH5DQJH
0HDQGLVWULEXWLRQRIPHVKLQJIRUFHVEHWZHHQWKHVXQDQGSODQHWJHDUV
GXULQJ VKXWGRZQ DQG QRUPDO RSHUDWLRQ :KHQ WKH VKXWGRZQ HYHQW
RFFXUVWKHPHDQYDOXHRIPHVKLQJIRUFHYDULHVLQDPXFKZLGHEDQG
UHJLRQWKDQWKDWLQWKHQRUPDORSHUDWLRQ7KHQRUPDORSHUDWLRQVKRZV
D QDUURZ GLVWULEXWLRQ RI PHDQ YDOXH RI PHVKLQJ IRUFH ZLWK D UDQJH
DURXQG  N1 ZKLOH LWV H[FHHGV  N1 GXULQJ VKXWGRZQ )RU WKH
QRUPDO RSHUDWLRQ WKHUH LV QR RFFXUUHQFH RI JHDU PHVKLQJ IRUFH
UHYHUVDOV7KLVLVQRWWKHFDVHLQVKXWGRZQZLWKDPHDQYDOXHRIDURXQG
N1QHJDWLYHJHDUPHVKLQJIRUFHDVVKRZQLQ)LJ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
)LJ*HDUER[HVQDWXUDOIUHTXHQF\FRPSDULVRQD'ULYHWUDLQ$DQG%
E'ULYHWUDLQ%DQG& 
 
7KHWRUTXH UDWLRGHILQHGDV WKHUDWLRRID WUDQVLHQW WRUTXHYDOXH
RYHU WKH UDWHG WRUTXH RI WKH VKDIW LV XVHG WR HYDOXDWH WKH G\QDPLF
ORDGLQJRIWKHGULYHWUDLQ7KHPD[LPXPWRUTXHUDWLRVGXULQJQRUPDO
RSHUDWLRQDQGVKXWGRZQIRUWKH/66LQWHUPHGLDWHVKDIWVDQG,66
DQG ,66 DQG +66 DUH VKRZQ LQ )LJ  )RU 'ULYHWUDLQ% WKH
PD[LPXP YDOXHV RI VKDIW WRUTXH LQ QRUPDO RSHUDWLRQ FRUUHVSRQG WR
WLPHVRIWKHUDWHGWRUTXHIRUWKH/66,66DQG+66UHVSHFWLYHO\ 
 
 
 
7DEOH1DWXUDOIUHTXHQFLHVRIWKUHH:7GULYHWUDLQFRQILJXUDWLRQV 
0RGH 'ULYHWUDLQIUHTXHQF\+] 'HVFULSWLRQ $ % & 
    *HQHUDWRUVWDWLFPRGH 
    /66PRGH 
 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)LJ  :7 GULYHWUDLQ &DPSEHOO GLDJUDP D 'ULYHWUDLQ$ E
'ULYHWUDLQ%F'ULYHWUDLQ& 
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E 
F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7KHVHYDOXHVDUHEHORZWKHIDFWRURIVDIHW\IRUGHVLJQORDGVDV
UHFRPPHQGHGLQWKH:7GHVLJQUHTXLUHPHQWVWDQGDUGV7KHVHOHYHOV
RIWRUVLRQDOORDGVDUHQRWOLNHO\WRFRQWULEXWHWRWKHSUHPDWXUHIDLOXUH
SUREOHPDVH[FHVVLYHORDGLQJLVQRWREVHUYHGIRUWKHWKUHHGULYHWUDLQV
PRGHOOHGGXULQJQRUPDORSHUDWLRQ'XULQJWKHVKXWGRZQKRZHYHUWKH
WRUVLRQDOORDGVDUHDWDPD[LPXPIRUDOOWKHVKDIWVZKHQWKHPHFKDQLFDO
EUDNHEHLQJDSSOLHG7KLVLVDQLQGLFDWLRQRIDKLJKHUOHYHORIWRUVLRQDO
YLEUDWLRQVZLWKLQWKHV\VWHP7KHORZHVWWRUTXHUDWLRLV+66LQ
'ULYHWUDLQ&DQGWKHKLJKHVWWRUTXHUDWLRLV/66LQ'ULYHWUDLQ
%)RU'ULYHWUDLQ$DQG%WKHWRUTXHUDWLRIRU/66DQG,66H[FHHG
WKHUHFRPPHQGHGYDOXHRI)XUWKHUPRUH)LJVKRZVWKDWWKH
PD[LPXPUDQJHRIWRUVLRQDOORDGVRIWKHJHDUER[VKDIWVIRUWKHWKUHH
FRQILJXUDWLRQV LV FRQVLGHUDEO\ KLJK GXULQJ VKXWGRZQ WKH UDWLR RI
PD[LPXP WRUTXH UDQJHV XQGHU VKXWGRZQ FRQGLWLRQ IRU DOO VKDIWV RI
'ULYHWUDLQV$%DQG&LVWRWLPHVKLJKHUWKDQWKDWXQGHUQRUPDO
RSHUDWLRQ,WLVVWDWHGWKDWDWOHDVWVKXWGRZQSURFHGXUHVPD\RFFXU
RQD:7SHU\HDUWKHUDQJHVRIWRUVLRQDOORDGVGXULQJWKHVHWUDQVLHQW
FRQGLWLRQVDUHFRQVLGHUDEOHKLJKHUWKDQWKDWGXULQJQRUPDORSHUDWLRQ
WKHVHKLJKORDGFRQGLWLRQVFDQEHGDPDJLQJIRUVRPHNH\PHFKDQLFDO
FRPSRQHQWV'XH WR WKHRFFXUUHQFHRI UHVRQDQFH DQGKLJK WRUVLRQDO
ORDGVGXULQJVKXWGRZQFRQGLWLRQWKLVLVDSRVVLEOHFRQWULEXWLQJIDFWRU
WRWKHSUHPDWXUHIDLOXUHSUREOHPRI:7JHDUER[FRPSRQHQWV 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
)LJ0HVKLQJIRUFHRIVXQSODQHWRYHUWLPHRI'ULYHWUDLQ&GXULQJ
QRUPDORSHUDWLRQWRSDQGVKXWGRZQERWWRP 
 
 )UHTXHQF\ H[FLWDWLRQ GXULQJ QRUPDO RSHUDWLRQ DQG
VKXWGRZQ 
 
)LJDVKRZVWKHWRUTXHWUDQVPLWWHGLQWLPHGRPDLQRIWKH+66IRU
'ULYHWUDLQ$GXULQJVKXWGRZQ7KH)DVW)RXULHU7UDQVIRUP))7LV 
 
FRPSXWHG IRU WKH WRUTXH WLPHKLVWRULHVGXULQJQRUPDORSHUDWLRQDQG
VKXWGRZQ IRU WKH +66 RI 'ULYHWUDLQV$ % DQG & 'XULQJ QRUPDO
RSHUDWLRQ WKH V\VWHP LV QRW H[FLWHG DW KLJK DPSOLWXGHV RU QHDU LWV
QDWXUDO IUHTXHQFLHV DV WKHUH DUH QR SHDN YDOXHV REVHUYHG ,Q WKHVH
FRQGLWLRQVWKHUHLVDUHODWLYHO\ORZULVNRIUHVRQDQFHRFFXUULQJ)LJ
E F DQG G VKRZ WKDWZKHQ WKHPHFKDQLFDO EUDNH LV HQJDJHG
GXULQJVKXWGRZQWKHPRVWGRPLQDWHGIUHTXHQFLHVDUH+]+]
DQG+]IRU'ULYHWUDLQ$%DQG&UHVSHFWLYHO\ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
)LJ5DQJH0HDQRIPHVKLQJ IRUFHVRIVXQSODQHWRI'ULYHWUDLQ&
GXULQJQRUPDORSHUDWLRQDQGVKXWGRZQ 
 
 
 
 
 
 
 
 
 
 
 
 
 
)LJ0D[LPXPVKDIWWRUTXHUDWLRVRIWKUHHGULYHWUDLQVGXULQJQRUPDO
RSHUDWLRQWRSDQGVKXWGRZQERWWRP 
 
 
 
 
 
 
 
 
)LJ0D[LPXPWRUTXHUDQJHUDWLRVEHWZHHQVKXWGRZQDQGQRUPDO
RSHUDWLRQIRUJHDUVKDIWVRIWKUHHGULYHWUDLQV 
 
7KHVH IUHTXHQF\ YDOXHV DUH YHU\ FORVH WR WKH FDOFXODWHG QDWXUDO
IUHTXHQFLHVRIWKH/66VKRZQLQ7DEOHLH+]+]
+]7KH\DUHFORVHHQRXJKWRVXJJHVWWKDWWKHUHLVKLJKSRVVLELOLW\IRU
WKHV\VWHPWREHH[FLWHGDWLWVQDWXUDOIUHTXHQFLHVSRVVLEO\FDXVLQJ 
0D[LPXPDOORZHG 
0D[LPXPDOORZHG 
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 
E 
F 
G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GDPDJHWRNH\FRPSRQHQWV7KLVPD\DOVRUHVXOWLQWKHUHVRQDQFHRI
WKH GULYHWUDLQ V\VWHP DQG ORDGV DPSOLILFDWLRQ 7KLV KLJKOLJKWV WKH
LPSRUWDQFHRIGHYHORSLQJG\QDPLFPRGHOVRIGULYHWUDLQV\VWHPVDQG
VLPXODWLQJ WKHP XQGHU WUDQVLHQW ORDGLQJ FRQGLWLRQV DV WKH KLJK
WRUVLRQDOORDGVZRXOGQRWKDYHEHHQDSSDUHQWLIWKHG\QDPLFUHVSRQVH
LV REWDLQHG H[FOXVLYHO\ XQGHU QRUPDO RSHUDWLRQ 7KLV VKRZV KRZ
LPSRUWDQWV\VWHPG\QDPLFPRGHOOLQJLVDVDWRROLQWKHGHVLJQSURFHVV
DV WKH JHDUER[ SDUDPHWHUV FDQ EH PRGLILHG WR DFKLHYH D GHVLUDEOH
G\QDPLFUHVSRQVHXQGHUWUDQVLHQWFRQGLWLRQV 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
)LJ+66WRUTXHLQWLPHDQGIUHTXHQF\GRPDLQVGXULQJVKXWGRZQ
D7RUTXHVSHFWUXPRI'ULYHWUDLQ$EFDQGG))7DQDO\VLVRI
'ULYHWUDLQ$%DQG& 
 
3DUDPHWULFVWXG\ 
 
7KH EHQHILW RI FRQGXFWLQJ D SDUDPHWULF VWXG\ LV UHODWHG WR WKH
DVVXPSWLRQV PDGH WKURXJKRXW WKH GHVLJQ SURFHVV LQ REWDLQLQJ WKH
GHVLJQSDUDPHWHUVRI:7 JHDUER[SDUDPHWHUV DQGGDWD UHTXLUHG IRU
G\QDPLFPRGHOOLQJ7KHVHDUHQRWDYDLODEOHIRUWKHUHDOJHDUER[ZKHUH
WKH URWRU WRUTXH PHDVXUHPHQW GDWD LV REWDLQHG VR LW LV LPSRUWDQW WR
XQGHUVWDQG KRZ WKHVH FDQ DIIHFW WKH G\QDPLF UHVSRQVH RI WKH :7
GULYHWUDLQV *LUVDQJ HW DO LQYHVWLJDWHG WKH LPSDFW RI YDU\LQJ WKH
VWLIIQHVVRIWKH+66IRUWKHN:GULYHWUDLQZKHUHLWZDVYDULHGIURP
WRRILWVLQLWLDOYDOXH7KHSDUDPHWULFVWXG\LQWKLVSDSHU
IROORZVDVLPLODUDSSURDFKDVWKHVHFRQGQRQ]HURQDWXUDOIUHTXHQF\
FRUUHVSRQGVWRWKH+66WKHSDUDPHWHUVUHODWLQJWRWKLVDUHDGMXVWHG
7KHVWLIIQHVVRIWKH+66LVYDULHGIURPWRWRVWXG\LWVHIIHFW
RQWKHWRUVLRQDOORDGVWKDWDUHWUDQVPLWWHGWKURXJKWKHGULYHWUDLQDQG
WKHQDWXUDOIUHTXHQFLHVRIWKHV\VWHP)LJVKRZVWKHLQIOXHQFHRI
GLIIHUHQW+66VWLIIQHVVYDOXHVRQHLJHQIUHTXHQFLHVRI'ULYHWUDLQ$,W
LVHYLGHQW WKDW WKHYDULDWLRQRI WKHSDUDPHWHUVGRHVDIIHFW WKHVWHDG\
VWDWHUHVSRQVHRIWKH:7GULYHWUDLQZLWKWKH+66QDWXUDO IUHTXHQF\
VKLIWV XS RU GRZQ DV H[SHFWHG ,QFUHDVLQJ WKH +66 VWLIIQHVV YDOXH
UHVXOWV LQ VKLIWXS WKH IUHTXHQFLHVRI WKH:7GULYHWUDLQDQGJHDUER[
FRPSRQHQWVEXWKDVQRLPSDFWRQWKHKLJKHVWQDWXUDOIUHTXHQF\LHWKH
KLJKHVWJHDUER[PRGHDQGYLFHYHUVD 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
)LJ  7KH LQIOXHQFH RI +66 VWLIIQHVVHV RQ HLJHQIUHTXHQFLHV RI
'ULYHWUDLQ$ 
 
The pure torsional dynamic models developed in this study use single 
DOF for each key component within the WT drivetrain however do 
not include the bearings. The pure torsional model can be expanded 
to include the rotational and translational degrees of freedom to 
model bearings thus provide further insights into the dynamic 
responses of the WT drivetrain gearboxes. In this study, the gear 
mesh stiffness is modelled as a linear spring which reacts similarly 
when the meshing gears under normal contact and reversed contact. 
A more realistic model may be developed to simulate more complex 
gear meshing behaviour caused by gear tooth interactions and to 
consider how the mesh stiffness would change during transient 
operational conditions when torque reversals occur. 
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&RQFOXVLRQV 
 
The system dynamic responses of three different drivetrain 
gearbox design configurations have been modelled under normal 
operation and shutdown conditions. The following conclusions may 
be drawn: 
1. Comparison between Drivetrain-A, B and C shows that similar 
levels of torsional loads are acting on the shafts during normal 
operation. However, during shutdown, the drivetrains are under 
higher levels of torsional loads when compared to that under 
normal operation, increased by 10% in LSS for Drivetrain-A and 
B and by 16% in HSS for Drivetrain-C. 
2. During shutdown condition, the drivetrain system may be excited 
close to a natural frequency of the system, possibly causing 
system resonant oscillations. The modelling results show that 
larger drivetrain configurations result in a reduction of system 
natural frequencies.  
3. Drivetrain-B shows the lowest levels of gearbox modes however 
it may have the highest probability of resonance occurrence, 
while Drivetrain-C shows a better dynamic response in regarding 
to resonance occurrences within the operation speed range and 
smaller torque ranges during shutdown, when comparing with 
that of Drivetrains A and B. 
4. During shutdown, the variation range of the meshing force 
between the planet and sun gears of all drivetrains is five to six 
times higher than that in normal operation. The comparison 
between these two loading conditions shows that the shutdown 
condition is one of the most critical loading conditions that the 
WT gearbox components may experience which may contribute 
to premature failures. 
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